Quantum efficiency measurement of single photon detectors using 
photon pairs generated in optical fibers 
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Using the correlated signal and idler photon pairs generated in a dispersion shifted 
fiber by a pulsed pump, we measure the quantum efficiency of a InGaAs/InP avalanche 
photodiode-based single photon detector. Since the collection efficiency of photon pairs is 
a key parameter to correctly deduce the quantum efficiency, we carefully characterize the 
collection efficiency by studying correlation dependence of photon pairs upon the spectra 
of pump, signal and idler photons. This study allows us to obtain quantum efficiency of the 
single photon detector by using photon pairs with various kinds of bandwidths. © 201 
Optical Society of America 
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1. Introduction 

Single photon detectors are finding various important 
scientific and technological applications. In particu- 
lar, because 1550 nm telecom band is the most attrac- 
tive wavelength from the viewpoint of fiber transmis- 
sion, InGaAs/InP avalanche photodiode-based single 
photon detectors (SPDs) arc useful for quantum com- 
munications [1] and quantum state measurement [2]. 
Therefore a precise determination of their quantum 
efficiency (QE) is essential. Conventional calibrations 
performed by comparison to a reference standard are 
complex and difficult. Whereas quantum correlated 
photon pairs can be used to realize absolute calibra- 
tion of photon counting detectors without any ties 
to externally calibrated standards. The photon pairs 
based method for SPD efficiency measurement was 
proposed by Klyshko [3] and had been experimen- 
tally demonstrated by a number of groups [4-6] . The 
absolute nature of the method originates from the 
quantum correlation of photon pairs, the detection of 



one photon indicates with certainty the existence of 
the other. The measurement uncertainty of QE highly 
depends on the accuracy of the estimated losses of 
photon pairs, including the transmission and collec- 
tion efficiencies. 

It has been experimentally proven that sponta- 
neous parametric processes, including spontaneous 
parametric down conversion (SPDC) in x nonlin- 
ear crystals [7-9] and spontaneous four wave mixing 
(SFWM) in x (3) based nonlinear materials [10-12], 
arc efficient methods to generate the correlated pho- 
ton pairs. Photon pairs generated by SPDC and 
SFWM exhibit similar entanglement properties be- 
cause of their fundamental similarity, both of the 
two kinds of parametric processes are constrained 
by energy and momentum conservations. Therefore, 
the tasks of quantum information processing fulfilled 
by utilizing photon pairs via SPDC [13-15] should 
in principle be carried out by using photon pairs 
via SFWM as well [16-18]. So far, most experimen- 
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tal demonstrations of the direct efficiency measure- 
ments were realized by using photons pairs gener- 
ated in x^ crystals [4, 6, f 9, 20] pumped by contin- 
uous wave lasers, and a high accuracy verification 
with a relative standard uncertainty of 0.18% had 
been recently demonstrated [21]. However, the pho- 
ton pairs generated in fibers via SFWM by pulsed 
lasers, having the advantage of modal purity [10,11], 
have not been used to measure QE of SPDs. More- 
over, the majority of absolute calibrations concerns 
the silicon avalanche photodiode-based SPDs, the di- 
rect efficiency measurement of InGaAs/InP avalanche 
photodiode-based SPD has yet to be fully experimen- 
tally exploited [22]. 

In this paper, using the correlated signal and idler 
photon pairs in 1550 nm band, which are gener- 
ated in 300 m dispersion shifted fiber (DSF) by a 
pulsed pump, we perform the QE measurement of a 
InGaAs/InP avalanche photodiode-based SPD. Be- 
cause of the broadband nature of pulsed pump and 
bandwidth of SFWM in DSF, for the photons func- 
tion as heralding photons, say idler photons with 
a certain narrow bandwidth, the spectrum of its 
corresponding signal photons has a broader band- 
width [23,24]. Therefore, to accurately evaluate col- 
lection efficiency of the photon pairs, we investigate 
the correlation dependence of photon pairs upon the 
spectra of pump, signal and idler photons. The in- 
vestigation allows us to obtain quantum efficiency of 
the SPD by using photon pairs with various kinds 
of bandwidths. While on the contrary, for the QE 
measurements done by photon pairs via SPDC in x 
crystals [19-21], the bandwidth of the heralded pho- 
tons is required to be much broader than that of the 
heralding photons so that all the pair events of the 
heralding photons are caught. Since the QE measure- 
ment is based on a careful characterization of the 
spectra correlation of the photon pairs, our investi- 
gations are also useful for developing other photon 
pair based quantum information technologies. 

The paper is organized as follows. After presenting 
the principle of the experiment in section 2, we briefly 
describe our photon counting system in section 3. In 
section 4, we will describe the experimental procedure 
and analyze and interpret the experimental data. In 



section 5, we analyze the uncertainties and reliability 
of the experimental results, and discuss the possibili- 
ties of the improvements. Finally, we briefly conclude 
in section 6. 

2. Experimental principle 

When the central wavelength of the pump pulses is 
in the anomalous-dispersion regime of DSF, phase- 
matching is satisfied and the probability of SFWM 
is significantly enhanced. In this process, two pump 
photons at frequency u p scatter through the Kerr 
(x ) nonlinearity of the fiber to create energy-time 
entangled signal and idler photons at frequencies co s 
and u>i, respectively, such that 2uj p = uj s + uji. Since 
the photons are created in pairs, the detection of one 
photon indicates the existence of the other. This fact 
allows one to make absolute determinations of de- 
tector quantum efficiency. 

Because of the isotropic nature of the Kerr nonlin- 
earity in fused-silica-glass fiber, the generated photon 
pairs are predominantly co-polarized with the pump 
photons. In the low gain regime, the two-photon state 
can be expressed as, 

| *(w S! Wi)) oc / d,Lo s / dwiF(u] s ,U]i) | cv s ) | Ui), (1) 

where | w s ) and | w;) in Eq. (1) are single-photon sig- 
nal and idler states in which the photons are present 
at frequency u> s and Ui. F(uj Sl tJi) is the two-photon 
spectral function, which is proportional to the proba- 
bility amplitude of two-photon detection, can be writ- 
ten as F(w s ,w,) = a(w s ,Wi)<t)(u s ,cJi), where a(cj s ,Ui) 
is the pump field spectrum, and 4>{u Sl uii) describes 
the phase matching condition. 

Signal and idler photons created in pairs can be de- 
tected by SPDs with QEs, r]di and r\dii respectively. 
When pump is a single frequency continuous wave, 
frequencies of signal and idler are perfectly correlated. 
Similar to SPDC in x^ crystals [19], for the signal 
and idler photons having identical bandwidths, when 
the pair production rate is Rfwm, the average de- 
tection rates in signal and idler channels, N s and TVj, 
can be written as 

A s = ri d iT] ts R FW M, Ni = ■q d2 r]tiRFW M , (2) 

where rj ts and rju are the transmission efficiencies in 



signal and idler channels, respectively. When Rfwm 
is so small that the multi-pair events is negligible, the 
mean coincidence is given by 

c = r)diT)t a Ni = r)d2VtiN a . (3) 

Therefore, the QEs of SPD can be deduced from 
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Eq. (4) shows that when SPD in idler (signal) channel 
serves as a trigger detector to record the single counts 
-/Vj( s ), and the transmission efficiency rj ts is correctly 
estimated, the efficiency of SPD in signal (idler) chan- 
nel can be absolutely determined by a two-photon 
coincidence measurement. 

In practice, instead of using a single frequency CW 
pump, DSF is pumped by a pulsed laser [10,12,25]. 
In this case, the average detected single count rates 
(per pulse), produced by SFWM in signal and idler 
channels can be written as [23, 26] 
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where A s and Ai arc coefficients associated with the 
experimental details, P p is the peak pump power, L 
and 7 are the length and nonlinear coefficient of the 
optical fiber, respectively; er p , <r s and <Zj are the spec- 
tral bandwidth of pump, signal and idler photons de- 
termined by their corresponding filters, respectively. 
Thus, the coincidence rate of the photon pairs is given 

by 
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refers to the collection efficiency of the photon pairs 
for the heralding photons detected in idler (signal) 
channel, where f2 s (j) is related to lo s u\ and the cen- 
tral frequency of filter in signal (idler) channel u> s u)o 
by fi s (j) = w a (j) - u a (i)o, and /(O s(i) ) is a function 
describing the filter placed in signal (idler) channel. 
S s (i) = f d£li( s )f(£li( s )) \F(u) a ,u}i)\ in Eq. (7) is the 



conditional spectrum, describing the individual sig- 
nal (idler) photon wave packet for the heralding idler 
(signal) photons with a spectrum shaped by the fil- 
ter function f(i} t ^). According to the Ref. [23], for a 
Gaussian shaped pump pulse, the spectrum function 
can be expressed as 
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where Afc is the wave vector mismatch; the terms k 
and k are the second and third order dispersion at 
the central frequency of pump, respectively. Because 
of the broadband nature of pulsed pump and band- 
width of SFWM in DSF, the coefficient £ s ( 8 ) is gener- 
ally less than 1 unless the bandwidth of the product 
f(£l s (i))Ss(i) is the same as that of S s ^\, which means 
the bandwidth of S a u\ is much smaller than that of 
the signal (idler) photons described by cr a u) ■ Under 
this condition, the QEs of SPDs can be expressed as 
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Eq. (9) shows that a reliable deduction of the QEs 
requires the accurate estimation of both the collection 
efficiency £ s (j) and the transmission efficiency r}t s u\ in 
signal (or idler) channel. The measurement of r} ts (i) 
is straightforward, but the evaluation of t a U) 1S n °t 
trivial. 

Eq. (7) indicates that the function S s is an impor- 
tant parameter for estimating £ s . In general, S s can 
not be analytically solved out, because of the com- 
plicated dependence of spectrum function F(u> s ,u>i). 
However, it is possible to deduce the expression of 
S s via a experimental measurement described in Ref. 
[23]. In the experiment, the pump and idler photons 
with Gaussian shaped spectra are fixed. At a certain 
power level, after measuring the true coincidences of 
photon pairs as the central wavelength of the Gaus- 
sian shaped filter in signal channel, A s o', is scanned, 
then plot the true coincidences as a function of A s o' 
and fit the measured data with a function S scan . It is 
straightforward to figure out that S scan is associated 
with S s and the filter in signal channel h(uj s — u> s q/) 



through the relation S scan = J duj s h(uj s — uj s o/)S s , 
and thus S s can be deduced accordingly. In the cal- 
culation, the hltcr in signal channel is described by 

/i(w s - w s0 /) oc cxp( ), (10) 

where w s o' refers to the central frequency of the hltcr 
in the signal channel, and the fitting function of the 
measured true coincidence is 
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where a' is the bandwidth of S scan . In this situation, 
we have 
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(12) 
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where er — y v Q 

It is worth noting that S s can have an analytical ex- 
pression and £ s (i) can be estimated by a theoretical 
calculation when some specific conditions are satis- 
fied. For example, if the phase matching condition is 
perfectly satisfied, and the bandwidth of the pump 
pulse is so narrow that the pulse broadening due to 
self-phase modulation (SPM) and dispersion is neg- 
ligibly small, the spectrum function has the simpli- 
fied form F{u) s ,u)i) = £exp(— ( 3 . 2 )■ Therefore, 
we have the conditional spectrum 
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In this situation, substituting the filter function in 
signal channel f(£l s ) into Eq. (7), the collection effi- 
ciency can be written as 



Jdf2 s /(fi s )exp(- 
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For the function /(fi s ) describing a super-Gaussian 
and Gaussian shaped filter, respectively, we plot £ s 
as a function of the ratio — , where er n = , a 2 + 2a 2 
refers to the bandwidth of S s . As shown in Fig. 1, 
one sees that when the two kinds of filters have the 
same bandwidth a s , super-Gaussian shaped filter cor- 
responds to a higher collection efficiency. Moreover, 
the point £ s = 99% corresponds to j 1 = 2.3 and 



— = 7 for /(O s ) with a super-Gaussian and Gaussian 
shaped spectra, respectively. Therefore, it is easier to 
get a higher collection efficiency by using commer- 
cially available super-Gaussian shaped WDM filters 
in heralded signal channel [27]. 

Apart from estimating the parameter £ s , accord- 
ing to Eq. (9), a correct estimation of the parame- 
ter i?j( s )Fj denoting the photon production rate in 
idler (signal) band via SFWM, is also important for 
the photon pair based QE measurement. Moreover, 
for an efficient SFWM process, the detuning between 
signal (idler) and pump photons is usually less than 
a few THZ for the pump with the central wavelength 
close to the zero dispersion wavelength of DSF, so the 
detuning is often chosen to be smaller to suppress Ra- 
man scattering [28]. This may cause photons in the 
signal and idler bands originated from SPM of pump, 
RsPMs(i) i a l so propagate through the signal and idler 
channels [27,29]. Therefore, besides reliably subtract- 
ing Raman scattering from the total scattered pho- 
tons in idler (signal) channel, photons generated via 
SPM should also be reliably excluded. 

To obtain R^ s )p with high accuracy, the detuning 
of photon pairs is preferred to be large enough so that 
RsPMi(s) is negligibly small. In this case, the total 
measured rate of photons in heralding idler (signal) 
band can be fitted with the equation 



N T = SxPave + S 2 P± 



(15) 



where P aV e is the average power of the pulsed pump, 
si and S2 are the linear and quadratic scattering coef- 
ficients, which respectively determine the strengths of 
Raman scattering and SFWM, -Rr;( s ) and Ri( s )F- In 
the experiment of QE measurement, to minimize the 
estimation uncertainty of Rif s )Fi instead of extract- 
ing its value from the fitting parameters S2P 2 ve in Eq. 
(15), we first separately measure the total scattered 
photons in idler (signal) channel Nt> = Rm(s) = 
SiPave by adjusting the central wavelength of pump 
in the normal dispersion regime [29], and then sub- 
tract the Raman scattering Rmr s ) from Nt- 

3. Photon counting detection system 

The signal and idler photons arc detected by In- 
GaAs/InP avalanche photodiodes based SPDs (id200 



and PLI-AGD-SC-Rx) operated in the gated Geiger 
mode, respectively. The gate pulses arrive at a rate 
of about 1.29 MHz, which is 1/32 of the repetition 
rate of the pump pulses, and the dead time of the 
gate is set to be 10 /xs. The pulse widths of the gate 
for the two APDs are 2.5 ns and 1 ns, respectively. 
The timing of the gate pulses are adjusted by a dig- 
ital delay generator to coincide with the arrival of 
signal and idler photons which are generated in DSF 
by a pulsed pump. The electrical signals produced 
by the SPDs in response to the incoming photons 
(and dark events), reshaped into 100- ns wide TTL 
pulses, are then acquired by a computer-controlled 
analog-to-digital (A/D) board (National Instrument, 
PCI-6251). Thus, single counts in both the signal and 
idler channels and coincidences acquired from differ- 
ent time bins can be determined because the A/D 
card records all counting events. 

The relative timing drift between the electrical gate 
and the arrival of signal and idler photons due to 
the imperfectness of the electrical circuits may cause 
the fluctuation in single counts and coincidences. In 
our system, the fluctuation accumulated in one hour 
is less than 3% for both detectors. For all the pho- 
ton counting measurements presented in the paper, 
the integration time at each data point is less than 
10 minutes, this fluctuation is almost unobservable. 
Therefore, we estimate the uncertainty of the meas- 
ured QE contributed by the fluctuations is less than 
0.5% 

Under the gate rate of 1.29 MHz, with a dead time 
of 10 /xs, the dark-count probabilities of the two SPDs 
(id200 and PLI-AGD-SC-Rx) arc 1.7 x 10~ 5 /pulse 
and 3 x 10 _5 /pulse, respectively; the after-pulse prob- 
abilities for both SPDs, directly estimated from the 
raw data in dark conditions with the method de- 
scribed in reference [30], are less than 0.005. In the 
photon counting measurements, the dark counts are 
subtracted. The after-pulse effect will bring false trig- 
gers in the QE measurement. According to Eq. (9), 
the inaccuracy of the measured efficiency of SPD orig- 
inated from after-pulse effect will be less than 0.5%. 
As for the dead time of SPD, which results in a re- 
duction of the sampling rate and does not affect the 
evaluation of the trigger rate and coincidence rate in 



Eq. (9), will not contribute to the measurement un- 
certainty. 

4. Experiment 

After understanding the experimental principle and 
the basic characteristics of the photon counting sys- 
tem, we perform a series of experiments to realize the 
calibration of photon-counting detection efficiency. 

The experimental setup is shown in Fig. 2. Signal 
and idler photons are produced by pumping 300 m 
DSF with laser pulses. The zero dispersion wave- 
length of DSF is Ao = 1544 ± 2 nm at room tempera- 
ture. The pump pulses with a pulse width of about 10 
pico-second are spectrally carved out from a mode- 
locked femto-sccond fiber laser with a repetition rate 
of about 41 MHz. To achieve the required power, 
the pump pulses are amplified by an erbium-doped 
fiber amplifier. The pump pulses are further cleaned 
up with a band-pass filter Fi, which is realized by 
cascading a tunable filters (Newport/TBF-1550-1.0) 
with one channel of array- waveguide- grating (AWG), 
and the full width at half-maximum (FWHM) of 
the Gaussian shaped pump pulse is 0.3 nm. Passing 
through a fiber polarization controller (FPC1) and a 
polarization beam splitter (PBS1) to ensure the po- 
larization and pump power adjustment, a 90/10 fiber 
coupler is used to split 10% of the pump for power 
monitor and for estimating the transmission efficiency 
of signal and idler photons. 

Signal and idler photons co-polarized with the 
pump are selected by adjusting the fiber polarization 
controller (FPC2). To reliably detect the signal and 
idler photons, an isolation between the pump and sig- 
nal/idler photons in excess of 100 dB is required, be- 
cause of the low efficiency of SFWM in DSF. In addi- 
tion, detecting signal and idler photons with different 
bandwidths is also necessary for studying the corre- 
lation dependence of photon pairs . We achieve these 
by passing the photon pairs through a filter ensemble 
F2, whose FWHM can be adjusted from 0.15 nm to 
2.2 nm. F2 is realized either by using double grat- 
ing filters (DGFs) or WDM filters, or by cascading 
WDMs with a DGF, a fiber Bragg-grating (FBG) fil- 
ter, or one channel of AWG. The overall transmission 
efficiencies for the signal and idler photons are deter- 



mined by the splicing loss between DSF and the stan- 
dard single mode fiber, and by the transmission effi- 
ciencies of FPC2, polarization beam splitter (PBS2) 
and F2, while the transmission loss in 300 m DSF is 
only about 0.1 dB. 

The signal and idler photons are detected by the 
photon counting system described in the previous 
section. In our experiments, SPD (PLFAGD-SC-Rx, 
labeled as SPD-r), serving as a trigger detector, is 
used to record the heralding idler photons, and SPD 
(id200, labeled as SPD^t) with the quantum effi- 
ciency rjuT under test, is used to record the heralded 
signal photons. According to Eq. (9), r\uT can be writ- 
ten as 

C c 



Vut = Vdi 



(16) 



£, s RiFVts 

To extract photons produced via SFWM from the 
measured total counts in idler channel, RiF, we first 
measure Raman scattering when the detuning be- 
tween the idler and pump photons is £7 = 0.83 THz. 
At such a detuning, for the pulsed pump with a 
FWHM of 0.3 nm and with the power within our 
concerned level, the photons in signal and idler bands 
originated from SPM are negligible [31]. In the exper- 
iment, the central wavelength of pump is adjusted to 
1530 nm, so that phase matching for SFWM is not 
satisfied, and only the photons originated from Ra- 
man scattering are measured. To estimate the trans- 
mission efficiency rja, we first block the pump and 
SPDs, then tune the central wavelength of Santcc 
laser (TSL-210V) to that of F 2 in idler channel, and 
launch its output from the 10 % port. Comparing the 
input power of DSF and the output power of F2 , the 
value of rjti is determined. While during the photon 
counting measurement, the Santec laser is turned off. 
The Raman scattering measurement is made by using 
F2 with various bandwidth in idler channel. In each 
case, we record the single counts in idler channel by 
changing the pump power. Then we fit the measured 
data with the function 

N T '/Vti = Rm/Vti = (si/Vti)Pave = Si/Pave, (17) 

where s\f is the normalized coefficient of Si, and the 
units of Rm and P ave are 10 -3 photons/pulse and 
mW, respectively. Table 1 shows the coefficient si> 



for F2 in idler channel with the bandwidth of 0.15, 
0.46, 0.69, 1.02, and 1.1 nm, respectively. 

In the first quantum efficiency measurement, we 
perform photon counting measurements to obtain the 
parameters C c and Rip , and £ s is evaluated by per- 
forming the experiment similar to Ref. [23]. In the 
experiment, the central wavelengths of pump, signal 
and idler photons are A p = 1544 nm, A s = 1550.7 nm 
and Aj = 1537.4 nm, respectively; and the FWHM 
of Gaussian shaped signal and idler photons are 0.60 
and 1.02 nm, respectively. We first record the sin- 
gle counts and coincidences of signal and idler pho- 
tons as a function of the pump power. The true co- 
incidence C c is obtained by subtracting the acciden- 
tal coincidences, calculated from the single counts in 
signal and idler channels, from the measured coinci- 
dences produced by the same pump pulse. Again, the 
transmission efficiency % s ii) is estimated by blocking 
the pump and SPDs, then launching Santec laser at 
the corresponding wavelength from the 10 % port. 
According the the acquired data, we plot the single 
counts in idler band Nt versus pump power, and fit 
the data with the function Nt = °r\tiS\iP a ve + S 2-Pa tle , 
where RiF = s-iPavei as shown in Fig. 3(a). The inset 
of Fig. 3(a) shows the true coincidence C c as a func- 
tion of rjt s RiF- To reduce the uncertainty of r\\jT and 
to ensure the photon pair production rate is small 
enough to reliably deduce t]ut, we take the count 
rate C c and RiF^ts obtained at the average pump 
power of about 0.18 mW, wherein the corresponding 
production rate is about 0.01 pairs/pulse. 

To estimate £ s , we then perform a set of measure- 
ments by fixing the spectra of the pump and idler 
photons and scanning the central wavelength of the 
Gaussian shaped filter in signal channel A s o' ; whose 
spectrum is shown in the inset of Fig. 3(b). At the 
average pump power of 0.18 mW, we record single 
counts and coincidences at each A s o'. To normal- 
ize the deduced true coincidences, we also estimate 
the transmission efficiency rj ts in signal channel after 
making each measurement. Figure 3(b) plot C c ver- 
sus Aso'j and the solid curve is the fitting of Gaussian 
functions with FWHM of 1.22±0.06 nm. According to 
Eq. (7) and Eq. (10)-(12), we obtain £ s = 0.496±0.03. 
Thus, we can deduce t\ut = (11.7 ± 1.5)%. 
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Considering our experimental parameters satisfy 
the required specific conditions for deducing Eq. (13), 
we then conduct a series photon counting measure- 
ment to investigate if collection efficiency £ s can be 
theoretically calculated. In the experiment, the pa- 
rameters arc the same as before, except the set- 
ting of F2. In the data acquisition process, we first 
make measurements by using the filter F 2 , having a 
sixth-order super-Gaussian shaped spectrum with a 
FWHM of 1.15 nm in signal channel, and the FWHM 
of the Gaussian shaped idler spectrum is adjusted to 
be 0.15, 0.46, 0.69, and 1.1 nm, respectively; we then 
make measurements by changing the dual-band filter 
F 2 so that the FWHMs in super-Gaussian shaped sig- 
nal and Gaussian shaped idler bands arc 0.67 and 1.1 
nm. The spectra of F 2 with different bandwidths are 
shown in Fig. 4(a)-(c). In addition, to ensure SFWM 
in DSF is in the low gain regime, i.e., pair produc- 
tion rate is smaller than 0.05 pairs/pulse, the average 
power of pump is controlled to be less than 0.3 mW. 
Under the power level, the pulse broadening due to 
SPM is negligibly small, which is proven by the spec- 
tra of pump in the input and output of DSF, as shown 
in Fig 4(d). 

For each kind of setting of F 2 , we record the single 
counts and coincidences of signal and idler photons 
as a function of the pump power, and the true co- 
incidence C c is deduced accordingly. Also, for each 
set of measurements, we extract RiF from the meas- 
ured total counts Nt through the relation RiF = 
Nt — rjuSiiPave, and the transmission efficiency rj ts (i) 
is successively estimated. Based on the measurement, 
we plot the true coincidence C c as a function of 
VtsRiFi an d fit the results with C' c = CRiFVts, as 
shown in Fig. 5(a). To maintain the consistency with 
the theoretical simulation in Fig. 1, different set of 
data are labeled by — , where Co is the calculated 
bandwidth of the conditional spectrum S s in Eq. (13). 

Comparing the fitting function C c = (RiFVts (see 
Fig. 5(a)) with Eq. (16), one sees that £ is associ- 
ated with QE and the collection efficiency through 
the relation £ = £ s Vut- We then plot the fitting coef- 
ficient C versus the ratio — , and make the theoretical 

* (To ' 

fit £ = £,sVut with £ s calculated by substituting ex- 
perimental parameters into Eq. (14) and with rjjjT 



adjusted for the best fit. As shown in Fig. 5(b), each 
diamond corresponds to the data point £ obtained by 
using the specified F 2 , the solid curve is the theoret- 
ical fit. It is clear that the theoretical fit agrees with 
the experimental result well, indicating the collection 
efficiency £ s can be calculated from the experimen- 
tal parameters associated with the spectra of pump, 
signal and idler photons. 

Using the theoretically calculated results of £ s , we 
then measure t\jjt by exploiting photon pairs with 
various kinds of bandwidth. To reduce the uncer- 
tainty, for each set of the photon counting measure- 
ment result obtained by using F 2 with different band- 
width combination in signal and idler bands, we 
choose the data point having the maximum rate of 
C c , whose corresponding average pump power and 
photon pair production rate, P ave and P pa ir, are 
shown in table 2. Figure 6 presents the value of tjut 
obtained by using signal and idler photons with differ- 
ent ratio — . One sees the values of tjut deduced from 
different set of data agree with each other, and they 
are in consistent with the value tjut = (11.7±1.5)% 
obtained in previous experiment. Taking the average 
of the five data points, we have tjut = (12.1 ± 0.5)%. 

5. Discussion 

Having experimentally demonstrated that QE of the 
InGaAs/InP based SPD tjut can be deduced by us- 
ing signal and idler photon pairs with various kinds 
of bandwidths, let's first analyze the measurement 
uncertainty and reliability. Then we will test the va- 
lidity of the deduced tjut- Finally, we discuss the how 
to improve the experimental results. 

In our measurements, the standard deviations of 
the quantum efficiency tjut caused by fluctuations in 
the photon counting measurements can be written as 



Stjut = Vut 1 

with 

5R lF = 



'SC C 



sts 



fSR t 



V S*. 



Srjt 

Vis 



(18) 



(6N T f + (vu-Sl'Pavef 



'Ssit 

~77 



5P„ 




and 



<5si/ = si>\ 



'SR Ri 

Rb, 



Srjti 

Vti 



SPa 



(20) Vut 



The standard deviations of some parameters in 
Eq. (18)-(20) can be straightforwardly estimated, as 
listed in table 3. ^, ^^ and ^ lie on the statis- 
tical fluctuation of photon counting, ' ?t ' (a) and p "° 

k t " Vti(s) Pave 

rest with the power fluctuation of lasers. Whereas the 
standard deviations ^^ and -4 s - depend on the de- 
tailed experimental conditions: j? iF is determined by 
the pump power, intensity of Raman scattering and 
the fluctuation of the total detected counts Nt; while 
-4^- is not only associated with the uncertainty of the 
spectra of pump, signal and idler photons, but also 
depend on the ratio — . We would like to mention that 
the imperfectness of electrical circuits and after pulse 
effect of SPD also contributes to the uncertainty of 
Vut, which are less than 0.5%. However, to simplify 
the uncertainty analysis, we neglect the effects due to 
their smallness. 

According to the above analysis, for the data shown 
in Fig. 3, the measured uncertainties of £ s and RiF are 
about 4% and 12%, respectively. Therefore, the un- 
certainty of the deduced t)ut is about 13.5%. For the 
results in Fig. 6, the uncertainty analysis is slightly 
complicated. According to the experimental parame- 
ters for each data point (see table 2), using the upper 
limits of the standard deviation -p 1 w 1.5% deter- 
mined by the resolution of the optical spectrum ana- 



SRi 



and 



Srjui 



lyzer, we obtain their corresponding , ua, u 

as listed in table 4. Taking the average of the five 

date points, we can deduce the standard deviation 

1)UT 

It is worth pointing out that multi-photon pairs 
events of the signal and idler photons will affect the 
reliability of the deduced t]ut- Since the quantum 
efficiency calibration method proposed by Klyshko [3] 
actually relies on the assumption that at most one 
photon pair is emitted at a time. But the assumption 
can be easily violated by the fiber based sources of 
photon pairs, because of the long interaction length 
of SFWM in optical fibers. Let's qualitatively analyze 
how the pair production rate influence the measured 
rji/T- Assuming the temporal mode of idler photons 



is in a single mode, if the efficiencies of the detectors 
in signal and idler bands are rj s o and rjiQ , respectively, 
rjUT can be written as 

1 +7i 



?7 s o (1 + rw7t s 77 s o)[l + n{r} ts r] s o + r} U rno ~ VtsVsoVtiVio). 
where n is the average photon number in idler chan- 
nel via SFWM. Eq. (21) indicate photon pairs with 
a higher production rate, corresponding to a higher 
average photon number in idler channel, will cause an 
increase of the deduced value of t\ut- Although un- 
der the condition rjtiT]io> VtsVsO *C 1, which is generally 
satisfied in experiments, one have tjut ~ ??so(l + n), 
measured t\ut still can not be corrected accordingly. 
This is because the temporal mode of idler (signal) 
photons in our experiment is not a single mode [32]. 
To reliably get rid of the influence of multi-photon 
pairs events, a detailed multi-mode analysis in the 
higher gain regime is necessary [11]. 

According to the analysis of the influence of multi- 
photon pairs events, we can in principle choose to 
measure QE by reducing the pump power, so that 
the production rate of photon pairs is very low. How- 
ever, the solution is not practical. Since in this case, 
to ensure a smaller statistical fluctuation of photon 
counting, we need to increase the integration time 
during the photon counting measurement. Limited 
by the long term stability of our photon counting sys- 
tem, this will increase the measurement uncertainty. 
In our QE measurement, the pair production rate is 
less than ~ 3%, therefore we can say that the increase 
of the measured tjjjt due to multi-photon pairs events 
is less than 3%. 

To test the validity of the tjjjt deduced from the 
photon pairs-based method, we also measure the QE 
by utilizing a weak continuous wave (CW) laser, 
which is obtained by attenuating the CW Santcc 
laser with its wavelength tuned to 1550 nm. Us- 
ing the method described in Ref. [33], we first mea- 
sure the intensity of the attenuated laser by using 
a power meter with the uncertainty of about 5%. 
Then we send the weak laser with an average power 
of 93 nW through the attenuator with an attenua- 
tion of about —42.6 ± 0.3 dB, which is constructed 
by cascading four 10/90 fiber couplers. In this case, 
the light intensity incident on SPDc/t is 0.1 ± 0.009 



(21) 



photons/2. 5-ns. Taking the measured efficient gate 
width (0.62 ±0.02 ns) of SPD^/t into account, we ob- 
tain t\ut = (11.7 ± 1.2)%. The results indicate that 
the values of tjut obtained by using the correlated 
photons and by using weak lasers agree with each 
other. 

Comparing with the high accuracy quantum effi- 
ciency measurement performed by using photon pairs 
generated via SPDC in x' 2 ' crystals [21], the un- 
certainty of rji/T measured by using the fiber based 
source of photon pairs is quite high. We think the 
accuracy of our current measurement is mostly lim- 
ited by the estimated uncertainty of r}t s U) originated 
from the power fluctuation of the Santec laser, which 
is about 4%, because the uncertainty also transforms 
to other parameters, such as RiF and s\i. We believe 
the uncertainty of r]ts(i) can be reduced to less than 
1% by using a better calibration scheme. In addition, 
the temperature of DSF also affect the accuracy of 
rjuT- According to Eq. (19), increasing the portion of 
Raman scattering in the total counts Nt will increase 
uncertainty of RiF- Therefore, cooling the fiber will 
help to suppress Raman scattering and to decrease 
the uncertainty of rjur- 

6. Conclusion 

In conclusion, based on our investigation of the rela- 
tion between the collection efficiency and correlation 
dependence of the photon pairs, we have performed 
the proof-of-principle demonstration of absolute ef- 
ficiency measurement of SPD by using photon pairs 
generated in optical fiber. Thanks to the advantage 
of modal purity, the efficiency of the InGaAs/InP 
based SPD t)ut can be deduced by using signal and 
idler photon pairs with various kinds of bandwidths. 
Whereas for the absolute calibration carried out by 
using the \ based photon pairs, the bandwidth of 
the heralded photons is required to be much broader 
than that of the heralding photons so that all the pair 
events of the heralding photon are caught. Moreover, 
the accuracy of our quantum efficiency measurement 
can be improved by suppressing the Raman scatte- 
ring, by evaluating the transmission efficiency in sig- 
nal and idler channel more precisely, and by using 
the multi-mode analysis in the higher gain regime to 



study the influence of multi-photon pairs event and to 
reliably make the correction. Furthermore, our study 
helps to have a better understanding to the spectra 
correlation of the fiber based photon pairs, therefore, 
it is also useful for developing other photon pair based 
quantum information technologies. 
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Fig. 1. (Color online) Collection efficiency £ s as a 
function of — . The solid and dashed curves are the 
calculated results for /(f2 s ) described by a sixth-order 
super-Gaussian and a standard Gaussian functions, 
respectively. 

Fig. 2. (Color online) A schematic of the exper- 
imental setup. EDFA, erbium-doped fiber amplifier; 
Fl, filter; FPC, fiber polarization controller; PBS, po- 
larization beam splitter; F2, dual-band filter. 

Fig. 3. (Color online) (a) Single counts in idler band 
Nt as a function of pump powers. The solid curve is 
the fit of the polynomial N T = rj U 8ifP ave + s 2 Pa Ve , 
the contributions of linear scattering r\ t iS\iP ave , (dash 
line) and quadratic scattering (dash dot curve) Rf = 
S 2-Pave are plotted separately as well. The inset shows 
the true coincidence C c as a function of "qtsRiF- (b) 
True coincidences versus the central wavelength of 
signal photons A s o' for the average pump power of 
0.18 mW. The solid curve is the fit of the Gaussian 



function S scan oc cxp(- 



-1550.72)' 
0.73 2 



). The inset is 



the pass-band of the filter in signal band, solid curve 
overlapped with data points is the fitting of Gaussian 
function /(A s ) = cxp(- (As ~^ o/) ). 



Fig. 4. (Color online) Pass-band spectra of the 
signal, idler and pump photons. Solid curves are 
fits to the data, (a) Pass-bands of filters in 
idler band fitted with Gaussian functions /(A) = 



exp(- 



(A-15374)' 

oxiip 



) and /(A) = exp(- 



(A-1537.4)- 8 
0A(P 



where FWHMs are 0.15 and 0.69 nm, respectively, (b) 
Pass-bands of filters in idler band fitted with Gaus- 

and /(A) = 



sian functions /(A) = exp(— - — Q 272 ' 



cxp(- (A ~ 1 ggI- 4)2 ), where FWHMs are 0.46 and 1.1 
nm, respectively, (c) Pass-bands of filters in signal 
band fitted with super- Gaussian functions /(A) = 

/ (A-1550.7) 6 \ , ,r/\\ 1 (A-1550.7) 6 -, 

cx Pl 0.36" ) and A A ) = ex P(~- — . 6 fl ), 
where FWHMs are 0.67 and 1.15 nm, respectively, 
(d) Spectra of pump pulses with an average power 
of about 0.3 mW. Triangles and diamonds represent- 
ing the spectra of pump in the input and output 
of DSF are overlapped. The fitting function /(A) = 
cxp(— - — 182 ' ) are over lapped with the data points. 
Fig. 5. (Color online) (a) True coincidence as a 
function of rjt s RiF for signal and idler photons with 
different ratio — . Solid lines are fits to the func- 
tion C c = QRiFflts with £ as the fitting parameter, 



whose value is 0.058, 0.086, 0.106, 0.115 and 0.123 
for 2* equals to 0.48, 0.85, 1.27, 1.68 and 2.32, re- 
spectively. The inset is the enlargement of some data 
points which are not clear in the main plot due to 
limited space, (b) The parameter Q as a function of 
— . The solid curve is the theoretical fit £ = £, s Vut 
with rjjjT = 12.26% as the fitting parameter. 

Fig. 6. The quantum efficiency t\ut obtained by 
using signal and idler photons with different ratio — . 
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Table 1. Coefficient s\/ in idler channel with different bandwidths. 



Bandwidth (nm) S\t 

0.15±0.01 11.93±0.54 

0.46±0.01 36.5±1.6 

0.69±0.01 55.99±2.5 

1.02±0.01 83.5±3.7 

1.1±0.01 91.7±4.1 



Table 2. Experimental parameters for the QE 
measurement with different F2. 



<7n 


Pave (mw) 


p 

1 pair 


(pairs/pulse) 


2.32 


0.3 




-0.01 


1.68 


0.3 




-0.03 


1.27 


0.25 




-0.03 


0.85 


0.23 




-0.03 


0.48 


0.27 




-0.03 



Table 3. Standard deviations of some parameters 
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Table 4. The standard deviations of Rif and r/ur- 



SRjf fp/A &Vl 



Co 


RiF [/0) 


vut ^ 


2.32 


7.85 


8.84 


1.68 


7.37 


8.43 


1.27 


8.94 


9.85 


0.85 


9.75 


10.58 
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8.27 
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